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THE DEVELOPMENT AND APPLICATION OF 


PLETHYSMOGRAPHIC AND ISOTOPIC METHODS 
FOR STUDYING THE RELATIONSHIP BETWEEN 
INTRINSIC AUTOREGULATION OF BLOOD FLOW AND 
THE PARTITION OF INTERCOMPARTMENT AL 
FLUID VOLUMES IN SKELETAL MUSCLE 

William Carter Alexander 
Research Advisers: Professor Harold D. Green 

Professor Robert F. Bond 

Cardiovascular volume homeostasis is the result of the 
integration of both systemic (extrinsic) and local (intrinsic) 
reflex mechanisms. Extrinsic and intrinsic modulation of the 
peripheral vasculature, and, in particular, the vascular beds 
of skeletal muscle, in part governs the partition of fluid be- 
tween the intravascular and extravascular compartments. The 
relationship between purely intrinsic vascular responses and 
the transfer of fluids in the capillary circulation suggests that 
autoregulation of blood flow in skeletal muscle may also result 
in a similar regulation of capillary hydraulic pressure. If 
this regulation does exist in the vasculature of skeletal muscle, 
such a mechanism would serve to decrease the effective sys- 
temic vascular volume by the retention of significant volumes 
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of intravascular and extravascular fluids in the peripheral vascu- 
lar beds of skeletal muscle. 

An oil-filled, volume plethysmograph was designed to study 
the magnitude, direction, and temporal sequence of intercompart- 
mental fluid exchange in relation to intrinsic, auto regulatory re- 
sponses of the peripheral vasculature. The denervated canine 
gracilis muscle was dissected from the hindlimb and placed in the 
plethysmographic chamber. The gracilis artery and vein were 
reconnected to the femoral circulation of the animal through a low 
resistance extracorporeal catheter circuit. Blood flow was mea- 
sured by a cannulating-type, electromagnetic blood flow probe 
(Carolina Medical Electronics, Inc.) and perfusion pressure, by 
appropriate transducers. The proximal connection to the animal 
and the vascular "seal" of the plethysmograph were established 
through the non- collapsible lateral ports of the blood flow probes. 
The pressure analog of muscle volume change was registered by 
a transducer placed in series with the chamber and a constant 
pressure reservoir. With radio-labeled RBC's (^Cr) used as 
indicator, the segmental volume of the vascular space was ob- 
tained from the ratio of the activity of labeled blood in the saline 
washout to the activity of the perfusing blood. Sequential changes 
in the size of the intravascular space were recorded by 
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monitoring continuously the activity of the muscle with a 1. 5 inch 
(3. 8 cm) open-bore, collimated scintillation detector. This 
activity was then scaled to reflect the size of the intravascular 
volume at the time of saline washout. The relative size of the 
extravascular compartment was computed as the numerical dif- 
ference between the total muscle and intravascular volumes. 

The changes in the magnitudes of these fluid compartments 
were compared simultaneously with the pressure-flow relation- 
ships existing across the vascular bed in twenty experiments. 

The results of this investigation demonstrate that the 
changes in total muscle volume paralleled changes in vascular 
conductance through the range of perfusion pressure from 140 - 
70 mm Hg; whereas, below this, range, muscle volume fell 
markedly without a corresponding decrease in conductance. 
Changes in the intravascular volume followed a similar pattern. 
An apparent stabilization of intravascular volume in skeletal 
muscle was evident through the range of perfusion pressure be- 
tween 90 - 60 mm Hg; this finding suggested a reabsorption of 
fluid from the extravascular compartment and a reduced rate 
of decrease of the intravascular volume as the perfusion pres- 
sure was decreased from 90 to 60 mm Hg. Below 60 mm Hg 
perfusion pressure, intravascular, extravascular, and total 
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muscle volumes decreased more rapidly relative to this re- 
sponse recorded at perfusion pressures between 90 - 60 mm Hg. 

These changes in the magnitude and direction of intercom- 
partmental fluid shifts recorded in this study suggest that through 
the autoregulatory range of blood flow in skeletal muscle, a mech- 
anism does exist whereby intravascular volume is stabilized by a 
regulatory modulation of capillary hydraulic pressure. The poten- 
tial contribution of this local mechanism to the maintenance of the 
systemic blood volume is yet to be described. 
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INTRODUCTION 


A. General 

The ability of the systemic circulation to regulate its 
volume has intrigued the student of circulatory physiology for 
many years. It is generally appreciated that the systemic 
capacitance reservoir (the vena cavae and small veins) pre- 
serves an optimal balance between the volume of blood contained 
within and the total capacity of the system. It is this balance 
which ultimately defines cardiac filling pressure, and, thereby, 
the output of the heart (18, 24, 25* 29). Both systemic and local 
mechanisms function to regulate the capacity of the circulatory 
reservoir within relatively narrow limits. Numerous original 
articles (30, 35, 40, 51) and reviews (15, 23, 42), which 
describe the systemic and peripheral components of the reflex 
control of vascular capacity and volume, have appeared in the 
scientific literature. The fact that the integrated response of 
these two principal mechanisms is essential for the preservation 
of circulatory homeostasis has long been established. 

The relationship between the vascular dynamics, which 
exists in the various parallel and series-coupled segments of the 
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local tissue circulation, and the partition of fluids between the 
vascular and extravascular compartments, is of particular impor- 
tance in the peripheral aspects of this regulation. The local re- 
sponses while not the sole aspect of peripheral control, never- 
theless provide a modulator influence on the integrated perform- 
ance of the system. A thorough appreciation of this intrinsic be- 
havior is essential to the understanding of the overall contribution 
of peripheral control to cardiovascular homeostasis. In conjunc- 
tion with these principles, this dissertation concerns: a) the 
development of a plethysmographic technique to describe the mag- 
nitude, direction, and temporal sequence of intercompartmental 
fluid exchange, and b) the application of this method to study the 
relationship between intrinsic hemodynamics and solvent exchange 
in mammalian skeletal muscle. 

The vascular bed of skeletal muscle serves as an "ideal" 
biological model to study the relationship between local circulatory 
dynamics and compartmental fluid exchange. This premise is 
based on the observation that the dynamic responses of the inner- 
vated vascular bed of skeletal muscle are modulated by both ex- 
trinsic (neurogfenic and neurohumoral) (12, 20, 21, 39) and intrin- 
sic (autoregulatory) (14, 28, 44, 45) factors. This response in 
denervated preparations is, however, governed by local chemical 
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and physical factors which influence exchange and support func- 
tions (7). Since skeletal muscle comprises approximately 40% c i 
the mammalian body weight and contains nearly 50% of the total 
body water within its structure (43), it seems reasonable to as- 
sume that the skeletal muscle mass and its vasculature represent 
a significant potential source and/or sink for the redistribution of 
body fluids. The mobilization of this fluid volume is governed, at 
least in part, by intrinsic vascular responses at the tissue level. 
Auto regulation of blood flow in the intact animal serves both the 
support and exchange functions of the peripheral circulation. In 
a denervated vascular bed, however, the exchange function of auto- 
regulation may be predominant. Autoregulation of flow functions 
primarily to preserve the nutrient supply to meet the metabolic 
demands of the tissues, and may also offer at the same time a 
means of stabilizing capillary hydraulic pressure. Consequently, 
if this mechanism does exist in skeletal muscle, compartmental 
fluid exchange may also be "autoregulated. 11 Numerous investi- 
gators (13, 16, 35) have alluded to this possibility; however, few, 
if any specific tests of this hypothesis have appeared in the liter- 
ature. It also remains to be shown whether such a regulatory 
response is beneficial or detrimental to the organism. 
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B. Historical Review 
1, Animal studies. 

5b erg (35), in a rigorous and comprehensive study of the 
effect of cardiovascular reflex mechanisms on the net capillary 
fluid exchange, demonstrated the existence of a wide range of 
control exercised over the pre- and post- capillary resistive seg- 
ments of the vasculature in muscle, skin, and intestine. This 
investigator maintained arterial pressure essentially constant, 
but varied the efferent nervous input to the vascular beds by 
stimulating the carotid sinus baroreceptor or the aortic and 

II 

carotid chemoreceptor areas. Oberg's work clearly demonstra- 
ted the extent to which fluid mobilization is governed by extrinsic 
modulation of the vasculature. A critical analysis of his re- 
ported data suggests that in the presence of auto regulation of 
blood flow, the tissue preparations either gained or lost volume 
as a function of the resultant "set" of the pre-postcapillary re- 
sistance ratio. This finding may be interpreted to mean that in 
the intact animal, autoregulation of blood flow does not neces- 
sarily imply stabilization of capillary hydraulic pressure, a 
situation which would prevent a net exchange of fluid; but instead 
strongly suggests that both extrinsic and intrinsic factors act 
synergistically to compliment the overall requirements for 
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solvent and solute exchange. 

Further supportive evidence that a balance of extrinsic and 
intrinsic modulation exists between capillary exchange and auto- 
regulation of blood flow is apparent in a report by Gregersen (22) 
who observed that following prolonged bilateral carotid occlusion 
which results in a substantial increase in systemic pressure, no 
decrease in circulating blood volume occurred. It could be pre- 
dicted that if the pre-post capillary resistance ratio were con- 
stant, a large increase in arterial pressure would produce a net 
outward filtration of fluid from the vascular space and, conse- 
quently, a lowering of the blood volume. Gregersen' s data do 
not support this prediction, but- rather suggest that capillary 
pressure did not rise in proportion to the increase in arterial 
pressure. This finding can be explained by a substantial in- 
crease in the pre-post capillary resistance ratio. Data reported 
by other investigators (34, 35, 37) justify this interpretation by 
demonstrating that vasoconstrictor fiber stimulation causes an 
increased precapillary resistance in the intact animal. 

It appears that in the intact animal, the nutrient flow to the 
tissues and the magnitude of capillary pressure are regulated 
separately, even though their performances are complementary. 
A question now arises concerning the relationship between the 
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two factors when extrinsic modulator influences are abated or ab- 
sent, 

II 

In 1961, Folkow and Oberg (13) reported the results of a 
study designed to verify the hypothesis that auto regulation and 
basal vascular tone are inherent to the smooth muscle cell, the 
function of which controls the precapillary resistance vessels. 
These workers also presented data which suggest that during 
auto regulation in a "denervated" vascular bed, precapillary re- 
sistance changed in such a way as to "protect" the capillary bed 
from large increases or decreases in arterial pressure. Conse- 
quently, capillary hydraulic pressure was essentially stabilized 
by the upstream resistance, implying no net change in the extra- 
vascular volume of the tissue. Their data, recorded from re- 
serpinized cats which lacked extrinsic control over selective 
resistance sites in the microcirculation, drew attention to the 
fact that the intrinsic or autoregulatory response of the vascu- 
lature may well control capillary pressure. Renkin (38) has pre- 
sented data supporting this possibility in studies which show that 
during autoregulation the capilla.ry transport coefficient, PS 
(product of capillary permeability and surface area available 
for exchange of solute or solvent), is stabilized over the same 
range of pressures as is the blood flow. 
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Accordingly, it appears that auto regulation maintains intra- 
vascular pressure constant at the level of the arterial capillar/. 

In the absence of extrinsic modulator influence, the capillary 
hydraulic pressure becomes a function of the degree of pre- 
capillary vasomotor tone (arteriolar resistance) and of the flow 
through the capillary bed (3). The precapillary sphincters which 
respond to local chemical stimuli govern the partition of the 
available flow between the capillary bed and non-nutritive vascu- 
lar channels (37, 38, 47). In this manner, auto regulation con- 
trols the capillary pressure, and, thereby, solvent exchange. 
Therefore, auto regulation of fluid exchange at the capillary level 
is proposed as a hypothesis for the maintenance of intravascular 
volume and the preservation of circulatory homeostasis. 

2. Methodology. 

a. Plethysmography . Since Brodie and Russell (8) first 
described a means of measuring blood flow from an organ 
placed in an oncometer, the fluid displacement plethysmograph 
has been used widely in peripheral circulatory studies. The 
majority of these applications has been employed to study seg- 
ments of a total extremity (e. g. , a foot, arm, or calf, rather 
than the extremity as a unit) to obtain specific information 
regarding vascular responses of an isolated segment of the 
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body (49). Studies on the human forearm (5) and the "isolated" 
hindquarters of laboratory animals (34, 35) have provided data 
concerning regional vascular and fluid transport mechanisms, 

Mellander (34) devised a plethysmographic method whereby 
the reactions of the pre- and post^capillary resistance vessels, 
and the capacitance vessels could be recorded separately in the 
"isolated" hindlimb of a cat. He evaluated his results on the 
basis of their different response times following experimental 
manipulation of the preparation. Mellander 1 s plethysmograph 
was a fluid-filled chamber into which the animal's hindquarters 
were secured. The nervous and vascular connections to the 
animal were passed through a skin-flap seal near the umbilicus. 
Volume changes in the various fluid compartments were regis- 
tered on a piston- recorder. The basic principles of Mellander !s 
technique have been employed widely by his colleagues (1, 9, 35) 
in a large number of studies concerning the relationship between 
cardiovascular dynamics and inter compartmental fluid transfer. 
Collectively, these workers have described, in considerable 
detail, the various interactions between extrinsic and intrinsic 
modulation of the fluid transport mechanisms in muscle, skin, 
and intestinal preparations. 

Although a large number of investigators have applied the 
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technique of sectional fluid displacement plethysmography for the 
study of fluid transport mechanisms, there have been no signifi- 
cant changes in the basic design of the plethysmographic chamber, 
These chambers reflect design considerations which are essential 
to maintaining a non- restrictive, physiological environment for 
the organ under study, while providing the stability and sensitivity 
to register accurately the physiological variations. When differ- 
ences between methodologies occur, they are related generally 
to the means by which the vascular supply channels are protected 
from hydrostatic pressure effects arising from pressure-volume 
changes within the chamber. In the majority of cases, the effec- 
tive "seal" of the supplying vasculature has been a limiting factor 

in the use of the method. Secondly, the means by which volume 

** 

changes are recorded differ. Since a pressure recording does 
not allow for expansion and contraction of the fluid phase of the 
chamber, hydrostatic loading of the vasculature or of the total 
organ has made this method unacceptable. Consequently, most 
approaches have employed an air phase in which the pressure 
changes are reflected as an analog of organ volume change. This 
air phase either is continuous with a piston assembly which dis- 
places an appropriate volume of a second fluid, which is not a 
part of the plethysmograph, or with an air-filled dome of a 
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pressure transducer. No significant hydrostatic pressure would 
be reflected on the contents of the chamber if the piston or the 
diaphragm of the pressure transducer were highly compliant. 

In the plethysmograph designed for the present study, the 
problems of an adequate, yet non- restrictive, vascular "seal" 
have been eliminated by employing the non- collapsible flow ports 
of an electromagnetic blood flow probe as the proximal connection 
between the animal and the vascular supply to the muscle within 
the chamber. Hydrostatic back-pressure was minimized by 
placing a constant pressure reservoir (oil/air phases) between 
and in series with the chamber and the diaphragm of an electri- 
cal pressure transducer. 

b. Measurement of intravascular volume. The measure- 
ment of regional intravascular volume and changes in this vol- 
ume concomitant with skeletal muscle hemodyanmics has been 
attempted largely by two methods. First, by accurately deter- 
mining the blood flow and the mean transit time of an indicator 
through a vascular bed, the segmental volume of the traced cir- 
cuit may be calculated from the product of the two parameters 
(50). This procedure has received much attention in the past 
few years (4, 19); however, the validity of the method for 
measurement of segmental volume in peripheral vascular beds 
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is currently unresolved. A second approach to the measurement 
of segmental vascular volume is based on the dilution principle 
(46), in which an unknown volume can be described as the ratio 
of the amount of injected indicator remaining within the unknown 
space or volume to its mean concentration at equilibrium. Both 
methods yield information concerning the size of the intravascu- 
lar space only at the time of the determination. Continuous 
sampling of the indicator concentration for serial determinations 
of vascular volume is limited by recirculation of the indicator 
substance, and by residual indicator in the vascular space from 
a previous determination. However, by using an isotopic in- 
dicator substance and continuously detecting the activity of the 
isotope in the vascular space r relative changes in the segmental 
volume can be recorded as a function of time. By washing out 
the vascular space with saline or dextran, and accurately deter- 
mining the activity of the effluent volume (36), the temporal 
registration of this activity can be related to an actual measure- 
ment of vascular volume. The ratio of the total activity of the 
washout to the activity per unit volume- of perfusing blood is 
recorded as the segmental volume of the vascular space. 
Temporally recorded values of the isotopic activity, which re- 
present s equential changes in the vascular volume, are scaled 
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to reflect the size of the intravascular space at washout. 

Baker and O ''Brian. (4) reported the results of a study which 

compared the recorded values of intravascular volume determined 

51 131 

by Cr-labeled red blood cells, I-labeled albumin, Indocya- 
nine, and changes in limb weight. These investigators concluded 
that all indicators employed gave reliable results for large 
changes in vascular volume. The ^*Cr red blood cell derived 
volumes, however, were consistently lower than those recorded 
by the other indicator substances or by changes in limb weight. 

The basis for this finding is questionable and is still being de- 
bated. 

In a series of experiments using the cat hihdlimb, 

Mellander (34) suggested that regional vascular and tissue vol- 
ume changes could be measured accurately using the plethysmo- 
graphic recording method, provided the changes in vascular re- 
sponses developed rapidly. In a later study, comparing the 
effects of various dilator substances on a similar preparation, 
Ablad and Mellander (1) employed for the measurement of region- 
al volume a ^Cr-red blood cell (^^Cr-RBC) dilution method in 
conjunction with a plethysmograph. In this investigation, the 
changes in segmental volume recorded by the isotope monitoring 
method correlated well with those registered by the plethysmo- 


graph. 



13 


In the present research, no correlation can be made between 
the intravascular volume derived isotopically and the total muscle 
volume registered by the pie thy s mo graph because the time course 
of the induced vascular responses is too great for separation of 
the components of the plethy smog raphic record. In view of this 
fact and the continuing debate over the accuracy of the ^*Cr red 
blood cell dilution method as a means of measuring the regional 
intravascular volume, all references to "intravascular volume" 
in this dissertation imply only that volume derived from the Cr 
red blood cell dilution space. 

C. The Present Study 

This dissertation is founded on the hypothesis that the in- 
trinsic response of the peripheral tissue vasculature operates 
in opposition to the systemic circulation, and is a principal 
contributor to the deterioration of cardiovascular integration 
and circulatory homeostasis at low perfusion pressures. To 
investigate this hypothesis, it was necessary to establish a 
method of approach; develop and perfect a technique for the 
registration of cardiovascular parameters; and, through appro- 
priate manipulation of the peripheral circulation, describe the 
partition of intravascular and tissue compartmental fluid 
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MATERIALS AND METHODS 


In studies concerned with the dynamic behavior of vascular 
beds and, in particular, the complex relationship between circu- 
latory function and compartmental fluid transfer, one must use 
extreme care in the surgical isolation of the organ for study, and 
must consider the numerous factors which ultimately influence the 
physiological reactivity of the preparation. Attention must be 
paid, also, to the mechanics of recording the analog parameters 
which reflect the dynamic changes in the preparation. 

In 1 the present investigation, attempts were made to control 
the environmental factors (i. e. , temper a tureand hydration) which 
may affect the reactivity of the tissue being studied. Specific 
mention of these controls is found under appropriate headings in 
the sections that follow. 

The investigation was functionally divided into two phases: 
first, a phase devoted to the development and perfection of a 
technique for the measurement of compartmental fluid shifts in 
skeletal muscle utilizing an oil-filled plethysmograph, and a 
second phase involved the measurement of fluid exchange dynam- 
ics between these compartments simultaneously with other 
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circulatory parameters. The latter aspect applied the derived 
technique to the study of compartmental fluid transfer in the 
canine gracilis muscle and also served as an evaluation of the 
design philosophy of the method. 

A. Procedural Aspects of the Method 

1. General . Forty- seven healthy canine mongrels, chosen 
without regard to sex, with body weights varying between 9. 0 - 
12. 0 kg were employed as experimental animals. Surgical 
anesthesia was induced with sodium pentobarbital. An initial 
dose of 30 mg/kg of body weight was administered intravenously, 
and supplemental doses of 0. 5 - 1. 0 ml were given throughout 
the experiment as needed to maintain surgical anesthesia. The 
depth of anesthesia was judged on the presence or absence of a 
corneal blink reflex. Lower level plane II of stage III anes- 
thesia was considered optimum from the standpoint of muscle 
relaxation and reflex tone (11). An endotracheal tube was in- 
serted, and the anterior surface of both hindlimbs shaved 
from the umbilicus to the paw. Body temperature was moni- 
tored using a rectal probe which, when connected through a 
telethermometer, thermostatically regulated a heating pad and 
maintained the animals' core temperature at 37. 5° C ± 0. 1. 
Large bore polyethylene tubing was introduced into the left 
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femoral vein for supplemental infusion of anesthesia and admini- 
stration of drugs. Throughout the operative phase of the experi- 
ment, physiological saline was infus ed at a very slow rate to 
compensate for bleeding and evaporative H a O loss from the re- 
spiratory tract and exposed tissues. 

2. Surgical isolation of gracilis muscle (26, 33). An incision 
was made extending dis tally from the inguinal ligament to the 
knee joint and medially across the anterior surface of the ad- 
ductor muscles of the right hindlimb with the resulting skin flap 
retracted medially to expose the anterior muscles of the thigh. 
Using an electrocautery (National, Model 37 ), and blunt dis- 
section, the gracilis muscle was then carefully dissected from 
its superficial and deep fascial components. All observable 
vessels in the muscle sheath and skin flap were doubly ligated 
and divided. The fascial components of the tendons were 
stripped from the muscle belly to the bony attachments. Ex- 
treme care was taken to protect the muscle from undue trauma 
during the entire dissection. To minimize evaporative drying, 
the muscle was covered at all times with a thin sheet of clear 
plastic and bathed in warm saline. Temperature of the muscle 
was maintained at 37. 5°C ± 0. 1 by means of a servo -the rmo- 
meter which operated a 150 watt lamp placed over the 



were either nonexistent or of such small size that they were con- 
sidered an insignificant portion of the vascular supply to the 
tissue under study. These twigs were also ligated and divided 
routinely. The surgical procedure resulted in a total isolated, 
denervated, skeletal muscle preparation, with a single supplying 
artery and draining vein. 




and vein from their fascial attachments over their entire length 
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were separated into a series of small sections and bound with 
double ligatures. 

At the conclusion of the dissection, the animal was heparin- 
iised (5 mg /kg of body weight) and left undisturbed for a period of 
one hour to recover from the operative trauma. Supplemental 
heparin (one -half of initial dose) was given every 45 minutes. At 
all times, the temperature of the gracilis muscle was maintained 
constant, by wrapping the muscle in saline- soaked gauze and 
covering it with a plastic drape. 

3. Catheter design (Figs. 1 and 2), A series of experiments 
was conducted to select a catheter circuit which offered the least 
trauma to the excised vessels, minimal impetus to clot initiation, 
and the least resistance to blood flow. In addition, the catheter 
system required a means of rapid disconnection and reconnection 
to facilitate the transfer of the gracilis muscle from the hindlimb 
to the pi e thy smo graph. One of the circuit designs discarded was 
a small bore polyethylene segment which was inserted into the 
gracilis artery and vein from openings in the femoral vessels. 
This approach was abandoned because these small catheters 
were extremely difficult to advance through r *the vasculature with- 
out trauma and invariably resulted in vascular spasm and a re- 
duced blood flow. Secondly, these catheters added a significant 


19 

mechanical resistance to flow and frequently became occluded 
with fibrin strands or intimal epithelial cells. A more success- 
ful method of catheterization was the securing of larger bore can- 
nulae into the femoral vessels at the level of the femoral -gracilis 
bifurcation with the femoral vessels being ligated distal to their 
gracilis branches. The catheter circuit (Figs. 1 and 2) included 


large bore sections constructed from lengths of polyethylene and 
gum rubber tubing previously treated with silicone (Siliclad, 

Clay- Adams). The complete catheter circuit, both for artery 
and vein, consisted of a segment of PE 330 pblyethylene tubing 
joined through a stainless steel adapter to a length of gum rubber 
tubing fitted with a male /male tubing connector. A three-way 
plastic stopcock was inserted in the middle of the latter seg- 
ment. The open end of the male tube connector was mated to a 
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Fig. 1, Arterial and venous extracorporeal catheter circuits for 
vascular perfusion. Upper diagram describes the complete cir- 
cuit; lower diagram depicts the use of lateral ports of blood flow 
probes for vascular "seal". 
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positioned and the animal was allowed to remain undisturbed to 
recover from the catheterization and stabilize for approximately 
30 minutes. The catheters were wrapped with moist gauze and a 
servo- controlled lamp placed over them to insure a constant 
temperature of the perfusing blood. 

4. Pie thy smog raph design. A clear plastic chamber was 
designed and fabricated (cf. Appendix A) into which the previous- 
ly isolated gracilis muscle and vasculature were subsequently 
transferred and quickly reconnected to the femoral arterial and 
venous supply catheters. The. muscle was anchored in the cham- 
ber by attaching the origin tendon to a fixed stainless steel clamp 
and the insertion tendon to an extendable clamp. Ifhus by extend- 
ing the clamp, the muscle could be restretched to its in situ 
length. Series 300, cannulating - type , 1/16" I. D., electro- 
magnetic blood flow probes with pressure ports were permanent- 
ly mounted to the wall of the chamber to provide a non- restrictive, 
fluid- tight 8 eal through which the tissue perfusion was re-estab- 
lished. The chamber contained a thermister probe which, when 
connected through a telethermometer (servo-controlled) to a 250 
watt infrared lamp, maintained the temperature at 37. 5°C. 

The chamber top was bolted to the assembly with a 1/16 
inch rubber gasket, generously lubricated with vacuum grease 
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which served as a pressure seal. The top of the chamber con- 
tained two female luer fittings which were used for filling the 
chamber and monitoring pressure. The entire plethysmographic 
chamber was positioned in a cradle in such a manner that the 
mean height was at the level of the animal's right atrium. 

Figure 3 shows the plethysmograph and accessory equipment, 
with the muscle and catheters in place. 

The pressure monitoring system consisted of wide bore 
glass tubing whi phTq dnrie c t e d the output luer fitting to a constant 

rr.' 

pressure:i^s^rtoir, The glass tubing formed a continuous oil 

'(£\% y:- r ' ... .. 

pathway frjsdrn the chamber to the reservoir. The total volume 

■ ■ • •• 

of the re||fy§ir was approximately 100 cm 3 , with the air-phase 
normally .heing 60 - 70 cm 3 . It was established that a 2. 0 cm 3 
change in the volume of the plethysmograph resulted in a 1 - 2 
mm change in the height of the oil column in the reservoir. 
Consequently, hydrostatic back-pressure on the muscle prepara- 
tion ‘Was- minimized during fluctuations in chamber volume. For 
a mo re -detailed description of the plethysmograph design, see 
Appendix A. 

The air phase of the reservoir was continuous with the dome 
of a Statham P23-BB pressure transducer. This transducer re- 
corded the pressure analog of volume change in the muscle. A 
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Fig. 3. Photograph of gracilis muscle being perfused through the 
catheter-flow probe circuit secured in the plethysmographic cham- 
ber* Note thermally isolated constant pressure reservoir attached 
to chamber in upper right corner. 
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small ceramic disc thermister was suspended freely in the air 
phase for continuous measurement of chamber temperature,, The 
pressure transducer and constant pressure reservoir system 
were thermally isolated from the influence of the heat lamp by 
loosely wrapped, alternating layers of aluminum foil, cotton and 
nylon mesh, all of which was covered with styrofoam. 

After the muscle was clamped in place and flow re-estab- 
lished, the plethysmograph was filled with a measured volume of 
mineral oil (specific gravity 0. 85) pre-heated to 37. 5°C in a water 
bath. Mineral oil was employed as the chamber fluid because of 
1) its low electrical conductance, 2) its relative chemical inert- 
ness, and 3) to prevent the introduction of an osmotic variable to 
the changes in total tissue volume. The difference between the 
volume of oil required to fill the chamber containing only the 
fittings and catheters and that volume necessary to fill the cham- 
ber with the muscle in place represented the initial total volume 
of the muscle. In most instances, the pressure analog of this 
volume stabilised within 2-20 minutes after the chamber was 
sealed. This stabilized pressure was considered representative 
of the isovolumetric state of the muscle preparation. The prepa- 
ration was routinely allowed to stabilize in the chamber for ap- 
proximately 30 minutes before experimental manipulation of the 
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vascular bed was attempted. 

A persistent problem throughout the study was the small 
amount of generalized oozing of heparinized blood from the 
fascial covering of the muscle surface. Several experiments 
were devoted to solving this problem with the final solution being 

1) careful ligation of all potential ooze sites with fine suture, 

2) a topical application of protamine sulfate to the muscle sur- 
face, and 3) in some experiments, an additional application of a 
10% solution of FeClg to oozing sites. Particular care was taken 
to insure that the FeClj did not contact the vessels, nerve root, 
or any exposed muscle fibers. As a further means of reducing 
the effects of uncontrollable fluid accumulation, the chamber 
floor was constructed so as to trap and drain away any exudate 
through an orifice in the floor. 

At the completion of each experiment all catheters, ligature 
material, and excess mineral oil were removed and the muscle 
weighed to the nearest 0. 1 gram. . 

B. Technical Measurements (Data Acquisition) 

Circulatory parameters recorded in the present investi- 
gation included gracilis arterial pressure (GAP), gracilis vein 
pressure (GVP), plethysmographic pressure calibrated in terms 


of volume (AQ), and gracilis vein outflow (GVF) (Fig. 4). In 
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Fig. 4. Schematic diagram of instrumentation employed for 
measurement of vascular parameters. 
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addition, intravascular volume changes (AIVQ) were monitored by 
51 

the activity of Cr-labeled red blood cells in the vascular space. 
Another parameter of interest was extravascular volume (AEVQ) 
which was derived as the numerical different between AQ and 
AIVQ. 

1. Pressure-flow recording. Gracilis arterial pressure 
was recorded by a fluid-filled pressure transducer (Statham P23- 
AA) affixed to the downstream pressure tap of the arterial blood 
flow probe, and gracilis vein pressure was recorded by a similar 
transducer (P23-BB) attached to the upstream pressure tap of the 
venous blood flow probe. This placement of the transducers 
allowed an accurate calculation of perfusion pressure (gracilis 
arterial pressure minus gracilis venous pressure, noted AP) 
across the vascular bed. Measured pressure drops across the 
catheter circuit were insignificant at flows ranging from zero to 
approximately two times the largest flow registered in the course 
of the experiments, and accordingly, catheter resistance was con- 
sidered to be negligible. 

The output signals from the pressure transducers were con- 
ditioned through carrier amplifiers and fed into respective pre- 
amplifier stages of an 8-channel recorder for scaling and sub- 
sequent registration on a strip chart. 
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The two pressure recordings were referred to a common 
zero reference plane at the level of the right atrium (32). Cali- 
bration of these pressures, using a mercury manometer, was 
made routinely, both prior to and following each animal experi- 
ment; and periodic checks of baseline stability were made during 
the course of each experiment. 

Plethysmographic pressure, recorded as an analog of 
muscle volume change, was sensed by an air-filled pressure 
transducer (P23-BB) attached to the constant pressure reservoir 
of the chamber. The output signal was conditioned in a manner 
similar to that of the circulatory pressures and was registered 
on the chart as AQ per unit time. The plethysmograph was cali- 
brated after the temperature had stabilized at 37. 5°C with a non- 
viable muscle in place by injecting into and withdrawing known 
volumes of mineral oil and recording the resultant pressure 
changes. The dynamic response of the system is described in 
Appendix A. 

Gracilis vein blood flow was monitored continuously by a 
highly sensitive, cannulating-type, 1/16 inch, electromagnetic 
flow probe and electromagnetic flowmeter whose output was 
registered on the recorded as blood flow in cm 3 /minute. Since 
the EMP series 300 flow probes have been proven insensitive 
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to RBC concentration (6) the calibration of the flow monitoring 
system was based on the volume of saline solution collected per 
unit time. The accuracy of this specially designed flow probe was 
determined to be 0. 1 cm 3 /minute over a flow range of zero to 
20 cm 3 /minute. Although a similar probe was employed on the 
arterial side of the vascular supply to the muscle, this probe 
served only as a non- restrictive seal for the gracilis artery and 
served also as a manifold for measurement of arterial inflow 
pressure. 

2. Compartmental fluid volume recording. Intravascular 
volume was recorded continuously by monitoring the activity of 
radio-labeled red blood cells (^.Cr; Rachromate-51, Abbott) in 
the vascular space. Sixty cubic centimeters of venous blood 
were withdrawn from the animal and incubated with 1. 5 milli- 
curies of Rachromate-51 and 4.0 ml of ACD solution (Cenolate, 
Abbott) in a silicone- coated tagging vial for a period of 90 
minutes (10). On completion of the incubation, 50 mg of 
ascorbic acid were introduced to reduce any unbound ^Cr, and 
the contents of the vial were centrifuged at 1800 rpm for five 
minutes. The supernatant fluid was discarded and the formed 
elements were resuspended in an equivalent volume of chilled 
isotonic saline. The washing was repeated a second time, 
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which, according to Albert (2), decreases the amount of unbound 
^Cr to less than 0, 3 per cent. The final volume of washed ce’ls 
was resuspended in isotonic saline and injected slowly into the 
animal through the left femoral venous catheter. Extreme care 
was taken to insure that the total injected amount was flushed 
through the catheter and entered the animal's circulation. 

The activity of the circulating radio-labeled red blood cells 
was monitored continuously by a shielded scintillation detector 
placed over the center of the muscle. The belly of the gracilis 
muscle fell within the diameter of the Nal crystal; and the entire 
muscle was within the solid angle of the detector assembly. The 
complete specifications of the detector assembly, including geo- 
metric considerations, are found in Appendix B. 

The output of the photomultiplier tube within the detector 
assembly was amplified and introduced into a pulse height ana- 
lyzer which discriminated 50 Kev above and below the energy 
peak of ^Cr. The output of the pulse height analyzer was 
divided electronically and fed simultaneously into a scaler for 
totalization of accumulated counts and into a linear ratemeter 
for continuous registration of count rate. The scaler was con- 
trolled by a pre-set timer to read the total number of counts 
over a pre-set time interval. The ratemeter output was 
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registered by a potentiometric recorder as count rate in temporal 
sequence with the other circulatory parameters. A two-second 
ratemeter time constant was employed routinely in all experi- 
ments. 

At the conclusion of all experiments involving radioactivity, 
the size of the intravascular space was determined in the follow- 
ing manner. The arterial inflow and venous outflow catheters 
were occluded simultaneously and systemic arterial and venous 
blood samples withdrawn. The gracilis vascular space was then 
washed out by a slow injection of isotonic saline, and the venous 
effluent collected as described by Polosa and Hamilton (36). The 
infusion pressure was measured continuously during the washout 
to insure that the vasculature was not subjected to excessive 
pressures. The washout was terminated when both the radio- 
activity in the muscle was stable and no hemoglobin was visible 
in the venous effluent. The collected washout volumes were 
approximately 40 cm 3 in the preparations studied. 

The calculations employed in determining the intravascular 
volume based on the washout are described in detail in Appendix 
C, part 2. Concisely, the intravascular volume (IVQ) was ob- 
tained from the ratio of activity in the saline washout to the 
specific activity of the perfusing blood. The temporal values of 
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count rate recorded throughout the experiment were corrected for 
background activity and scaled to reflect the size of the intravascu- 
lar fluid compartment at the time of washout. Arterial and venous 
blood samples were collected periodically throughout the course 
of all experiments to insure that the blood radioactivity was con- 
stant. In none of the experiments reported was there any detect- 
able change in blood activity. 

Changes in extravascular volume (EVQ) were calculated as 
the numerical difference between the changes in muscle and intra- 
vascular volumes. No direct attempt was made to measure the 
size of the EVQ with an independent method in the present study. 

C. Protocol and Data Analysis 

A typical experimental protocol in the second phase of the 
study consisted of acquiring a minimum of three separate 
pres sure -flow curves. This was accomplished by reducing the 
gracilis arterial pressure in a stepwise manner by occluding a 
segment of rubber tubing in the inflow catheter circuit. Each 
pressure level was maintained until all parameters had stabi- 
lized. Steady- state values normally occurred within 30 seconds 
following each pressure decrement and a new pressure level was 
selected 60 seconds after equilibrium. Of the ten animal^ pre- 
pared for the second phase Of the investigation, only six 
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complete experiments are reported. The remainder of experi- 
ments were discarded because of technical difficulties which 
prevented the registration of complete volume response data. 

The completed experiments in the second phase of the study 
(6 animals; 20 separate pressure-flow curves) yielded pressure, 
flow, and muscle volume data. Two of these animals (5 separate 
pres sure -flow curves) also provided intravascular and extra- 
vascular volume data. 

The recorded changes in the four experiments not selected 
for analysis were consistent with the responses recorded in 
those animals that were chosen. 



RESULTS 


The changes in muscle volume { AQ) recorded in temporal . 
sequence with gracilis vein flow (GVF) during stepwise reduction 
of perfusion pressure (gracilis arterial pressure minus gracilis 
venous pressure, noted AP), from 20 experiments in six animals 
are presented. In one series (Fig. 5), blood flow is expressed 
in cubic centimeters per minute (cm® /min) and perfusion 
pressure in millimeters of mercury (mm Hg). Conductance, de- 
fined as the ratio of GVF in cm® /min to AP in mm fig, noted as 
URP (21), is expressed as per cent of control with 100% being 
that conductance observed at a AP of 90 mm Hg. 

In five of the twenty observations (2 animals) the sequen- 
tial changes in intravascular volume (AIVQ) were determined 
simultaneously with the above mentioned parameters (seeFig. 8). 
In these five experiments, the relative changes in extravascular 
volume (AEVQ) were recorded as the numerical difference be- 
tween AQ and AIVQ. In this series all blood flow and volume 
change data were normalised to 100 grams wet weight of 
muscle tissue and to a AP of 140 mm Hg. 

In the normalization procedures, zero on the volume 
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Fig. 5. Comparison of the response of total muscle volume, gracilis 
vein blood flow, and vascular conductance to stepwise reduction of per- 
fusion pressure. The flows per 100 gm for each perfusion pressure 
were averaged and a re pl otted (B) as the mean flow at each level of per- 
fusion pressure as: GVF eXD = H-Q-YX- . 

^ 1 AA 


The mean conductance at each level of perfusion pressure was c ompu ted 

as the mean flow/100 gm t the perfusion pressure as: _ jGVFgxg . 

exp mxnHg exp 

The data in the plot (C) are normalized to 90 mm Hg AP by dividing the 
conductance at each level of perfusion pressure by that at 90 mm Hg as: 


% URP 9o * 100 

The plot of the change in total muscle volume (A) was computed as 
follows: the position of the recording line when the muscle was perfused 
at AP=90 mm Hg was defined as zero AQ. The deflection of the recording 
from zero was expressed as change of volume using the calibration fac- 
tor as obtained from figures 12 and 13. This procedure was employed 
to facilitate comparison with data obtained by other inves tigato r s (7 , 17, 44, 
45). The volume changes were referenced to 100 gm of muscle weight by 
dividing the recorded volume change by the actual weight of the muscle 
and multiplying by 100. 
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ordinate represents the isovolumetric state of the preparation 
registered at resting perfusion pressure. Gains in volume by the 
preparation are indicated by ordinate values greater than zero 
and losses by values less than zero. The numerical values of 
the ordinate represent cumulative volume changes (cm 3 ) from 
the normalized pressure value. Values of AP greater than 140 
mm Hg and less than 40 mm Hg were not observed frequently 
enough to have statistical significance and were therefore not 
reported. In the graphic representations of recorded data, 
population means were connected by a series of straight lines 
with vertical bars indicating ±1 standard error of the mean 
(SEM). 

The comparison of the changes in AQ in temporal se- 
quence with GVF and URP (Fig. 5, curves B and C) during 
stepwise reduction in A P illustrates that muscle volume de- 
creases paralleled vascular conductance at perfusion pressures 
in excess of 90 - 100 mm Hg. As perfusion pressure was re- 
duced from 100 to 70 mm Hg, during which time the conductance 
was relatively constant, the rate of change of muscle volume per 
unit change of perfusion pressure was less than at higher pres- 
sures. In contrast, at AP values below 70 mm Hg, the muscle 
volume decreased rapidly as perfusion pressure was lowered, 
during which time no corresponding change in conductance was 
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observed. Although inflection points are magnified by normaliza- 
tion at 90 mm Hg AP, the overall temporal pattern of changes is 
evident. The averaged pressure -flow curve in these experiments 
does not show good autoregulation; however, the inflections in the 
response curve of muscle volume are aligned with perfusion 
pressure values in the "normal" autoregulatory range of skeletal 
muscle. 

Figure 6 relates perfusion pressure to flow in the same 20 
observations described in figure 5. However, in this represen- 
tation, the pressure-flow responses were separated into two 
groups of ten observations, each based on the magnitude of flow 
at 90 mm Hg. Those plots having flow values greater than the 
mean (6. 4 cm 3 /min 100 gm) of the 20 experiments were grouped 
and termed dilated. curves and those with flows below the mean 
value were grouped and described as constricted curves. Both 
curves show autoregulation although neither curve shows a 
marked plateau segment of flow at pressure values between 90 
and 60 mm Hg. However, thei. changes in cumulative muscle 
volumes recorded ini the constricted bed show a plateau between 
60 and 90 mm Hg (Fig. 7). This response, also present but to, a 
lesser degree in the dilated bed, implies a stabilization of total 
muscle volume throughout the autoregulatory range of flow in 
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Fig. 6. The relationship between perfusion pressure and gracilis 
vein blood flow in two groups of experiments, separated on basis 
of mean value of blood flow recorded at 90 mm Hg perfusion pres- 
sure; individual N 10 observations. 
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Fig. 7. Comparison of the muscle volume responses recorded by 
stepwise reduction of perfusion pressure in two groups of experi- 
ments separated on basis of mean value of blood flow at 90 mm Hg* 
Data normalized to perfusion pressure of 90 mm Hg; individual N = 
10 observations. 
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skeletal muscle reported by Green (17) and Bond (7). The seg- 
ments of the two plots recorded at perfusion pressures above 9° 
mm Hg are parallel and show no statistically significant differ- 
ence. 

The partition of fluid between intravascular and extravascu- 
lar compartments is evident in the representations describing 
both total muscle and intravascular volume changes (Fig. 8). 

Three distinct, characteristic segments of the response of AQ 
are evident in the plot. The initial decrease in the rate of volume 
change paralleled the decrease in conductance recorded over the 
range of AP from 140 to 120 mm Hg, In the range of 120 to 70 
mm Hg, the slope of the AQ response was less, indicating a de- 
crease in the volume change. At perfusion pressures less than 
90 mm Hg, a pronounced fall in muscle volume was apparent. 

In this plot, as in figure 7, the decrement in muscle volume 
paralleled, in general, the recorded conductance changes through 
the pressure range of 140 to 70 mm Hg; however, below 70 mm Hg 
AP, the marked fall in AQ was not associated with any significant 
change in conductance. While the recorded response of intra- 
vascular volume also shows a characteristic pattern, the slope 
changes in this response are out of phase with those of both con- 
ductance and muscle volume at pressures from 140 to 70 mm Hg. 
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Fig. 8. The relationship between total muscle volume (C) and 
intravascular volume (D), recorded in the steady state after 
stepwise reduction in perfusion pressure. Conductance (A) is 
plotted as per cent of control with all recorded parameters 
normalized to a resting perfusion pressure of 140 mm Hg; N = 

5 observations. The change in muscle volume from 140 mm Hg 
AP was computed in a manner similar to Figure 6; the change 
in intravascular volume was computed by subtracting the volume 
at a given pressure from that at 140 mm Hg and referenced to 
100 gm of muscle weight. 



43 


Below 70 mm Hg AP, a distinct inflection point corresponds to a 
rapid decrease in muscle volume. The IVQ diminished at a rate 
less than that of the muscle volume, indicating a continued re- 
absorption of fluid from the extravascular space at the lower 
perfusion pressures. The fact that the inflection points of both 
volume responses are reasonably well aligned with the autoregu- 
latory range of AP in skeletal muscle suggests that the volume 
decrements are in phase with the flow at the lower pressure 
values. 

The significance of these changes is demonstrated in 
figure 9. In this figure the numerical difference between AQ 
and AIVQ (curve D) is plotted as the change in extravascular 
volume (curve C). The pressure-flow, relationship (curve B) 
and conductance (curve A) is replotted in the upper graphs for 
convenience in relating the observed changes to vascular dy- 
namics. The absolute value of the AEVQ paralleled the recorded 
decrease in AIVQ and the difference between the two was sta- 
tistically insignificant at each pressure level. An approximately 
1:1 relationship exists between the contributions of both the EVQ 
and IVQ as regards the redistribution of fluid volume from the 
organ studied to the systemic circulation as perfusion pressure 


is lowered. 
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Fig. 9. Relationship between intravascular volume (D) and 
extravascular volume (C) during stepwise reduction in per- 
fusion pressure. Data normalized to 140 mm Hg perfusion 
pressure (see Figure 8); N = 5 observations. 


DISCUSSION 


A. Introduction 

Autoregulation of blood flow in peripheral vascular beds 
has been defined as the intrinsic tendency of an organ to main- 
tain constant blood flow despite changes in arterial perfusion 
pressure (27). With the exception of kidney and skin, the blood 
flow to organs is closely regulated according to the metabolic 
demand of the organ. However, not only is the total organ flow 
of importance, but the partition of this flow between exchange 
and non- exchange pathways within the tissue also must be con- 
sidered (37, 38). In vascular beds which show auto regulation of 
blood flow, the balance between the intrinsic and extrinsic modu- 
lator influences on the vasculature governs this partition of flow 
between the two networks. 

The changes in the magnitude and direction of intercom- 
partmental fluid shifts recorded in this investigation suggest that 
an intrinsic mechanism is operative in canine skeletal muscle 
that functions to stabilize intravascular and extra vascular vol- 
umes. While auto regulation of blood flow, to some extent, serves 
the exchange function of the peripheral circulation, it also con- 
tributes to the deterioration of the systemic circulation through 
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the operation of the intrinsic mechanism. This latter mechanism 
serves to deplete the volume in the capacitance reservoir of the 
circulation by redistribution of extravascular fluid into the vascu- 
lar space of the muscle at low perfusion pressures. 

B. Critique of Biological Preparation 

In the development of arguments and the presentation of data 
recorded in this investigation, evidence has been presented which 
indicates that a mechanism exists subsequent to the auto regulation 
of blood flow to the tissues whereby the steady state volume of 
fluid is also regulated by intrinsic modulator influences in the 
microcirculation. However, in the present study, pressure /flow 
responses and the related conductance plots do not show good 
autoregulation of blood flow. Classically, an increase in vascu- 
lar conductance as the perfusion pressure is reduced through the 
autoregulatory range is commensurate with good auto regulation. 
Conductance values derived in this investigation show only a 
period of stable conductance, rather than a marked increase 
during the range of perfusion pressure usually described. There 
are several reasonable explanations for the lack of good auto- 
regulation of blood flow in the muscle preparations studied. 

The presence of circulating vasodilator materials (52) such as 
histamine, epinephrine, adenosine triphosphate, CC >2 or a 





pCO^i and pH measurements were within their respective normal 
physiological ranges^ there can be no , statement made as to their 
values at the specific effector sites in the microvasculature. 

Even though a considerable amount of attention was given to main- 



have been over- controlled was the environmental temperature 
of the gracilis muscle secured in the plethysmograph. Initially 
it was thought that an optimum ambient temperature for the 
muscle was 37. 5° and considerable care was taken to insure 
that the muscle temperature did not vary more than 0. 5 - 1. 0°C 
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induced vasodilation was present in a large part of these experi- 
ments. 

C. Experimental Evidence 

The data recorded in the present study identify a supportive 
function for auto regulation of blood flow related, in principle, to 
the metabolic (exchange) role of the microcirculation. This func- 
tion is evident if one analyzes the relationship between the dis- 
tribution of total organ or tissue flow and the intravascular pres- 
sures within the vasculature. In vascular beds which show auto- 
regulation of blood flow, the precapillary pressure (13, 38) is 
maintained constant by the action of the arterioles and upstream 
resistance. Accordingly, intracapillary hydraulic pressure be- 
comes a function of the perfusion pressure (precapillary minus 
postcapillary pressure) and the resistance across the capillary 
bed. By analogy, autoregulation of the total flow to the tissues, 
while serving in part to meet the metabolic demands of the organ, 
concomitantly provides a capillary hydraulic pressure which de- 
fines the balance between ultrafiltration and reabsorption of 
fluids (primarily water) and thereby stabilizes the intravascular 
volume. For example, if the precapillary vessels were tightly 
constricted, the capillary pressure would be lower than that when 
the same vessels are widely dilated. In the latter case, it is 
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possible that ultrafiltration of fluid from the intravascular space 
may occur during the decline to the lower perfusion pressures. 
Applying this reasoning to the analysis of pressure-flow curves 
recorded by Bond, Manley and Green (7), Stainsby and Renkin 
(44) and Stainsby (45), one can predict that capillary pressure may 
have been relatively high at lower perfusion pressures, i. e. , de- 
clined less rapidly than systemic arterial pressure, in widely 
dilated vascular beds. At pressures below 60 - 70 mm Hg, capil- 
lary pressure presumably falls more rapidly than systemic arterial 
pressure as evidenced by a marked decrease of both total muscle 
and intravascular volumes. Conversely, in vascular beds which 
exhibit flow autoregulation to fluctuations in arterial pressure, 
intracapillary pressure is subsequently regulated in such a manner 
that the intravascular volume is also stabilized. The autoregula- 
tion of the equilibrium point of solvent exchange in skeletal muscle 
appears to be a well-founded possibility not only because the 
greatest blood volume and surface area are found in the venous 
capillaries and venules (48), but also because the permeability 
gradient across the capillary exchange segment favors solvent 
transport in the venous or venular capillary (31). 

It is evident in figures 6 and 7 that a vascular bed which 
shows a tonic response of its pre capillary resistance to changes 
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in perfusion pressure does in fact tend to regulate its intravascu- 
lar volume by modulation of capillary hydraulic pressure. In 
figure 7, the total muscle volume response to stepwise reductions 
in perfusion pressure from 140 to 40 mm Hg is compared to the 
relative degree of vascular reactivity (tonic response) in two 
separable pressure/flow curves. It is apparent in this figure that 
total muscle volume is maintained more constant at lower perfus- 
ion pressures in the bed where auto regulation of blood flow was 
more pronounced. In other words, the lower curve in figure 6, 
described as active or constricted, shows better auto regulation 
than the upper curve; and consequently the total volume of the 
muscle tissue mass decreased less than that recorded from the 
dilated, or passive, response shown in the upper curve. 

An explanation of this observation is evident when figures 8 
and 9 are analyzed together. Jn figure 8, the intravascular volume 
(curve D) and total muscle volume (curve C) responses to stepwise 
reductions in perfusion pressure are plotted in sequence with the 
vascular dynamics (curves A, B). It is apparent that both the total 
muscle volume and the intravascular volume decreased non -uni- 
formly across the range of pressure studied. However, of signifi- 
cance, is the fact that the intravascular volume was maintained 
essentially constant at perfusion pressures below 90 mm Hg. This 
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finding can be interpreted as a diminished reabsorption of extra- 
vascular fluid from the muscle tissue when perfusion pressures 
below 90 mm Hg were achieved. This interpretation is supported 
by figure 9 in which the net change in the extravascular volume 
(curve C) is related to the net change in intravascular volume 
(curve D) during stepwise decreases in pe rfusion pressure, Along 
the entirety of the volume response, there is no significant dif- 
ference between the net change in intravascular and extravascular 
volume, suggesting that the extravascular volume (which is a por- 
tion of the total tissue volume of the muscle) was redistributed 
into the intravascular compartment throughout the range of pres- 
sures studied at a rate commensurate with stabilizing the intra- 
vascular compartmental space. It is evident in this figure (Fig. 

9) that neither the extravascular nor total muscle volume re- 
sponse curves show a plateau segment, i. e. , a period of relative 
isovol emia, throughout the entire range of perfusion pressure. 

In the intravascular volume response curve, however, a distinct 
plateau is evident which is significantly different from the total 
muscle volume response. These observations are consistent 
with a diminished rate of exchange of fluid from the extravascular 
to intravascular space at perfusion pressures between 90 and 50 
mm Hg. Below 50 mm Hg perfusion pressure, the observed 
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redistribution of the extravascular fluid into the intravascular 
space would predictably lead to hemodilution of the systemic vas- 
cular reservoir. This interpretation is further supported by the 
fact that throughout the pressure range of 90 - 50 mm Hg, the 
rate of change of muscle volume is low compared to the other 
segments of the total response. Accordingly, it may be stated 
that this reabsorption of fluid implies a relatively stable intra- 
vascular volume throughout the auto regulatory range of blood 
flow in skeletal muscle. The mechanism by which this stabili- 
zation of the segmental volume of the vascular space occurs, . 
suggests a modulatory regulation of capillary hydraulic pressure 
which favors the maintenance pf a constant intravascular volume 
in the muscle bed. 

Nonetheless, even in the absence of perfect autoregulation 
of blood flow in skeletal muscle as judged by the pressure/flow 
curves and derived values of vascular conductance, evidence is 
presented which indicates that the redistribution of compartmental 
fluid is controlled intrinsically in a manner similar to the mainte- 
nance of constant blood flow despite wide ranges of perfusion pres- 
sures, A suggested explanation for these findings is that an ar- 
teriolar dilation in the presence of a slight venular constriction 
would tend to maintain capillary hydraulic pressure at a value 
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which would favor a lesser decrease in the sizes of the intra- 
vascular and extravascular muscle fluid compartments as organ 
flow was diminished along its characteristic profile. Since vas- 
cular conductance did not autoregulate, as did the volume re- 
sponse, the slight increase in postcapillary resistance is a 
feasible explanation for the low flow values recorded as perfusion 
pressure was decreased from 90 - 60 mm Hg in the muscle vas- 
cular bed. Although speculative, the registration of an auto- 
regulation curve does not exclude the possibility that the ob- 
served response is a summation of all vascular elements in the 
tissue, with the intrinsic responses of specific segmental sites 
in the microvasculature being masked by the complete event. 

The fact that volume transfer responses were recorded which 
imply an intrinsic regulation of the exchange elements in the cir- 
culation, in the absence of good autoregulation of blood flow, not 
only supports the concept of a masked response, but dramatizes 
the presence of an intrinsic, autoregulatory control of the 
preservation of the intravascular and extravascular volumes in 
the presence of a decreasing arterial pressure. 
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D. Conclusions 

In conclusion, data has been presented which indicate that 
in the denervated canine gracilis muscle, an intrinsic mechanism 
is operative which is an integral part of the auto regulation of blood 
flow. The maintenance of constant flow to the exchange elements 
of the circulation despite wide fluctuations in arterial perfusion 
pressure provides, in addition, a regulation of capillary hydraulic 
pressure which defines the balance between ultrafiltration and 
reabsorption of fluid. This mechanism leads to an intrinsic auto- 
regulation of solvent exchange and stable intravascular and extra- 
vascular volumes in the muscle bed. This intrinsic regulation 
of the exchange networks of skeletal muscle interferes with the 
desired systemic regulation by depleting the volume in the capaci- 
tance reservoir and reducing venous return. It may be predicted 
that the intrinsic response of the muscle to maintain its intra- 
vascular and extravascular volumes essentially constant during 
reductions in perfusion pressure is, in part, a significant con- 
tributor to the irreversible phase of hypotensive shock. 



APPENDIX A 


Design Considerations and Physical Specifications 
of the Plethysmographic Chamber 

A plastic, rectangular- shaped chamber (Fig, 10) was fab- 
ricated of 3/8 inch Lucite^ sections bonded with clear-drying 
epoxy cement. The top, also constructed of heavy gauge plastic, 
was secured to the chamber by 1/4x2 inch stainless steel ex- 
head machine screws spaced on 3/4 inch centers around the 
perimeter. A 1/6 inch fitted rubber gasket, generously lubri- 
cated with vacuum grease, served as a pressure seal between 
the chamber and top. The floor of the chamber was beveled 
horizontally to form a trough allowing fluid drainage when 
necessary. All openings into the chamber were of bonded, force- 
fit construction, and O-rings were employed for pressure seals. 
To reduce corrosion from salt solutions or other liquids, stain- 
less steel, brass, or chrome-plated grass fittings were used 
throughout. 

The chamber is shown in three views in figure 11. The 
overall dimensions of the chamber were kept as small as 
possible to minimize the total volume of the enclosure, and, 
thereby, enhance the sensitivity to small changes in tissue 
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Fig. 10. ^Photograph of the plcthysmog raphic chamber employed in 
this investigation. Note the two flowmeter probes to the left. The 
cannulae were used to obtain fluid ’'seals' 1 between the chamber and 

animal. 
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volume. At the same time, ample work space was available for 
securing the catheters between the animal and muscle. Prior to 
the final box construction, five experiments were conducted to 
determine the average dimensions of the gracilis muscle in the 
size animals selected for this study. From these results a clay 
model of the average gracilis muscle was constructed. This 
replica was the basis for the final dimensions of the plethysmo- 
graph which contained a volume of 649. 0 cm 3 , or approximately 
15 times greater than the average sized muscle employed in the 
study. 

The following design features distinguish this chamber from 
others employed in similar studies: 

1. Hydrostatic pressure effects on the collapsible vascular 
channels were eliminated by using the rigid, non-collapsible flow 
ports of two cannulating-type, electromagnetic blood flow probes 
as fluid "seals" between the chamber and animal. 

2. The origin tendon of the muscle was secured to a fixed 
stainless steel clamp and the insertion tendon to a variable clamp. 
Therefore, the resting, in situ length of the muscle could be re- 
stored in the chamber by extending the latter clamp. This capa- 
bility minimized any effects of mechanical resistance on the 
supplying and draining vascular channels as a result of twisting 
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or severe bends in the vascular circuit. 

3. The dimensions of the chamber allowed the entire mus- 
cle to be seen within the penumbral cone of a shielded scin- 
tillation detector placed directly over the muscle. Approximately 
40 - 50% of the muscle tissue was covered by the circumference 
of the detector crystal (details of the detector assembly are 
found in Appendix B). This feature permitted an accurate regi- 
stration of the isotope activity within the vascular space of the 
muscle while simultaneously reducing the contribution of back- 
ground radioactivity to the total number of counts recorded. 

The dynamic response of the plethysmographic chamber 
is shown in figures 12 and 13. These curves were recorded by 
injecting into and withdrawing from the chamber 1. 0 cm 3 of 
mineral oil with a non viable muscle secured to the clamps. The 
temperature of the injected and withdrawn oil, as well as the 
contents of the chamber was maintained at 37. 5°C. The ampli- 
fied electrical output of the pressure transducer was scaled to 
trace a 20 mm deflection on the recorder chart for a volume 
change of 1. 0 cm 3 within the plethysmograph. This volume 
change produced an 8 mm Hg static pressure on the diaphragm 
of the transducer which was considered too great to have totally 
protected the muscle preparation from "back-loading". However, 
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Fig. 12. The dynamic response of 
the plethysmograph recorded by 
rapid injection of 1. 0 cm 3 of 
mineral oil at 37. 5°C. Time con- 
stants represented by stars on ab- 
scissa. 


Fig. 13. The dynamic response 
of the plethysmograph recorded 
by rapid withdrawal of 1 . 0 cm 3 
of mineral oil at 37. 5°C. Time 
constants represented by stars 
on abscissa. 
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in this study, all recorded vascular manipulations resulted in a 
volume decrease (analogous to withdrawal) rather than a volume 
gain. Consequently, the problem of creating a negative pressure 
effect on collapsible structures (principally the draining vein) 
must be considered. If one assumes that volume change (either 
gain or loss) produces a linear change in hydrostatic pressure, 
the maximum magnitude of induced pressure should not exceed 
approximately 6 mm Hg (negative) because maximum decrement 
of muscle volume was approximately 0. 75 - 0. 80 cm 3 . Never- 
theless, since collapsible structures were not completely pro- 
tected from hydrostatic pressure effects, this is considered to 
be an error in the present study. The hysteresis of the system 
is apparent by comparing the time constants (starred values on 
abscissa) of the curves. In figure 12 (injection), 63% of the vol-r 
ume injected was registered in the initial 10 seconds, with 99% 
registered in 54 seconds. The withdrawal response (Fig. 13) 
shows 63% of the event complete in 8 seconds, and the total 
event complete in 37 seconds. 

In two experiments conducted to check the sensitivity of 
the intravascular volume measurement (cf. Appendix B), known 
volumes of the animal's blood were injected incrementally into 
the arterial channel with the venous outflow occluded. When 
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compared to the injected amount, recorded volume changes in the 
chamber were insignificantly different between 0. 1 and 0. 5 cm 3 . 
These data are interpreted to mean that the ability of the chamber 
to accurately register changes in volume was not compromised by 
the relatively slow response registered by the rapid injection of 
1. 0 cm 3 oil into the plethysmograph. Provided that volume 
changes in the total muscle did not occur rapidly (as compared to 
the injection of oil into the chamber) the plethysmograph accurate- 
ly reflected changes in muscle volume. 

In an analysis undertaken following the conclusion of this 
series of experiments, it was found that the outflow circuit be- 
tween the chamber and the constant pressure reservoir was im- 
parting a mechanical resistance to flow of mineral oil between the 
two chambers which explains part of the reason for this slow re- 
sponse. This resistance prevented rapid pressure equalization 
between the two reservoirs (Figs. 12, 13) and, therefore, imparted 
a hydrostatic load on the contents of the plethysmograph. 

It became evident early in the investigation that the Lucite 
walls of the chamber had a greater coefficient of expansion under 
thermal loading than the mineral oil. Consequently, when the 
servo-mechanism that controlled the internal temperature of the 
chamber energized the heat lamp, the chamber pressure would 
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decrease, an effect opposite to thermal expansion of the oil, A 
temporary solution to the problem was accomplished by moving 
the heat lamp a greater distance from the chamber such that the 
contents of the plethysmograph stabilized at a temperature of 
37. 5° ± 0. 5°C without the necessity for automatic control. 
Although this solution required manual monitoring of chamber 
temperature, it served its purpose as a temporary measure and 
was employed for all experiments in the present series. 



APPENDIX B 


Physical Characteristics of the System Employed 
in the Measurement of Intravascular Volume 
by ®*Cr-RBC Dilution 

Figure 14 is a photograph of the scintillation detector in 
place over the plethysmograph containing the gracilis muscle. 
The principal component of this instrument is a 3. 8 x 4. 5 cm 
sodium iodide crystal (Thallium activated) which is enclosed 
in magnetic and thermal shields, and surrounded by one inch 
of lead. The crystal is mated with a photomultiplier tube with- 
in the confines of the lead, and the crystal-photomultiplier 
assembly is recesses 3. 8 cm to achieve wide-bore, cylindri- 
cal collimation. A diagram of the total assembly, including 
other supportive electronics, is shown in figure 15. The total 
distance from the center of the suspended muscle to the face of 
the crystal is 5 cm. 

Figures 16 and 17 are lateral and top views, respectively, 
of the shielded detector and plethysmographic assemblies show- 
ing the areas subtended by the penumbra, by the maximal solid 
angle, and by the crystal face as they relate to the muscle mass. 
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Fij». 14. Photograph of the shielded scintillation detector in place 
above plot .hysmoj* raph during a typical experiment. 
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Fig. 15. Schematic diagram of instrumentation employed for detection 
and registration of the activity of ^Cr in the measurement of intra- 
vascular volume. 
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Fig. 16. Lateral view of scintillation detector assembly placed 
over plethysmograph describing the conical areas subtended by 
the penumbra (A), the total solid angle (B), and the crystal cir- 
cumference (C) in relation to the mass of the gracilis muscle. 
Line D is the horizontal plane passing through the center of the 
muscle. Surfaces refer to top and bottom of surgical table. 
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Fig. 17. Top view of scintillation detector assembly placed over 
plethysmograph describing the surface areas subtended by the 
penumbra (A), the total solid angle (B), and the crystal circum- 
ference (C) in relation to the mass of the gracilis muscle pro- 
jected to lower surface of table. Circle D corresponds to the 
intersection of Line B with the horizontal plane of the muscle 
(Line D) in Figure 16. 




It should be noted in these illustrations that although approximate- 
ly only 40 - 50% of the muscle tissue falls within the circum- 
ference of the crystal, the entire muscle falls within the penum- 
bra of the detector. 

The plethy smog raph and its contents were shielded from 
the animal and its surroundings by several segments of lead 
(1/4 inch; variable lengths and widths) placed between the hind- 
quarters of the animal and the chamber cradle. A segment of 
lead sheet was placed vertically between the electromagnetic 
blOod flow probes and the chamber wall to further shield the 
detector from the catheter circuit. 

Simons (41) simplified the complex mathematical deriva- 
tion for the loss in counting efficiency resulting from the move- 
ment of an object within the plane of a collimated scintillator 
(Fig. 18). By applying this relationship, one can determine the 
relative counting efficiency of the scintillator used in this study 
for any point shown in figures 16 and 17. In figure 19, a sche- 
matic representation of the catheter circuit employed in this 
study for perfusion of the gracilis muscle is superimposed on a 
plot of the total counts recorded from a point source moved 
along the course of the catheter circuit. This latter plot cor- 
relates with the theoretical relationship described by Simons 
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OF CYLINDERICAL HOLE COLLIMATOR ref: Simons, H. A. B. 


Fig. 18. The physical relationship between the object and scintillator 
assembly considered in the derivation of the loss of counting efficiency 
due to geometric considerations (reproduced from Simons [4l]). 
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Fig. 19. Schematic representation of extracorporeal catheter 
circuit employed for muscle perfusion and the recorded activity 
of isotopic source as a function of distance from the center of 
the muscle. Values of d/r are spatially related to segments of 
catheter circuit in this diagram. Point 8 .% corresponds to the 
intersection of Line B with the horizontal plane (D) of the muscle 
in Figure 16, and with Circle D in Figure 17. 
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(41). The catheter circuit volume, relative to the total volume of 
both the muscle vascular bed and catheters, was determined in 
this manner (cf. Methods). 

5 1 

The recorded activity of the Cr-RBC in the intravascular 

space was scaled to reflect the size of the vascular volume at the 

time of washout. Two experiments were performed to check the 

sensitivity/of the method to accurately measure changes in the 

segmental vascular volume. This was done by simultaneously 

occluding the inflow and outflow channels, followed by a stepwise 

injection of known volumes of the animal's blood containing radio- 
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activity. The resultant changes in the Cr activity recorded by 
the detector were compared to the dilution factor determined by 
washout. It was noted that injected volumes (0. 1 to 0. 5 cm 3 in 
0. 1 cm 3 increments) were recorded by the detector in such a 
manner that no difference in injected and recorded volumes was 
apparent from 0. 1 - 0. 5 cm 3 . 



APPENDIX C 


Glossary and Calculation of Intravascular Volume 
from Saline Washout 

1. Glossary 

The abbreviations, symbols, and acronyms which appear 
in the text are defined below: 

BCFM: Background counts per minute 

CCQ: Catheter circuit volume 

51 

Cr: Radioactive chromium 

AEVQ: Change in extravascular volume, derived as 

the numerical difference between AQ and AIVQ 

AIVQ: Recorded change in intravascular volume of the 

gracilis muscle vascular bed 

AP: Perfusion pressure; in this study, the difference 

between gracilis arterial pressure and gracilis 
venous pressure 

AQ: Recorded change in total muscle tissue volume 

GAP: Gracilis artery pressure 

51 

GCPM: Gross (total) counts per minute; recorded Cr 

activity 

GVP: Gracilis vein (blood) flow 

GVP: Gracilis vein pressure 
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KEV: One thousand electronvolts; energy unit of 

activity 

NCPM: Net counts per minute; derived as numerical 

difference between GCPM and BCPM 

STD 90: Normalization of recorded data to AP value 
of 90 mm Hg 

STD 140: Normalization of recorded data to AP value 
of 140 mm Hg 

URP: Vascular conductance, defined as the ratio 

GVF/ AP 

WOQ: Washout volume 

2. Calculation of Intravascular Volume from Saline Washout 
(36, 46). 

Samples (0. 2 cm 3 ) of the arterial blood and venous washout 
effluent were prepared in triplicate and their activities (^Cr) 
were determined in an automatic gamma counting system (Auto- 
gamma - Packard Instruments, Model 3002). After the activities 
were averaged and corrected for background, the following calcu- 
lations were performed: 

Arterial sample: 

NCPMa 5 (0. 2 cm 3 ) = NCPM a. 

(0. 2 cm 1 ) * 1.0 cm 3 cm 3 

Venous effluent sample: 

NCFMy # 5 (0. 2.cmf j _ WOQ (cm 3 ) = NCPM V 
(0.2 cm 3 ) 1.0 cm 3 
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The derived value for the dilution space corresponds to the 
registered net activity of the muscle recorded with artery and 
vein clamped prior to the washout. The sequential changes in 
the size of the intravascular space were determined by scaling 
the recorded activities during the total experiment to reflect the 
size of the dilution space at the time of washout. This was ac- 
complished by multiplying the continuously recorded values of 
the ^*Cr activity (corrected for background activity) by the 
dilution (washout) factor. This factor was defined as the ratio 
of the measured size of the intravascular space to the net 
activity in the muscle determined at washout. The calculations 
performed were as follows: 


washed out IVQ (cm 3 ) 
NC PM continuous NCFM washout 
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